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We use optical pump–THz probe spectroscopy at low temperatures to study the hot carrier re-
sponse in thin Bi2Se3 films of several thicknesses, allowing us to separate the bulk from the surface
transient response. We find that for thinner films the photoexcitation changes the transport scat-
tering rate and reduces the THz conductivity, which relaxes within 10 picoseconds (ps). For thicker
films, the conductivity increases upon photoexcitation and scales with increasing both the film
thickness and the optical fluence, with a decay time of approximately 5 ps as well as a much higher
scattering rate. These different dynamics are attributed to the surface and bulk electrons, respec-
tively, and demonstrate that long-lived mobile surface photo-carriers can be accessed independently
below certain film thicknesses for possible optoelectronic applications.
Topological insulators (TI) represent a new state of
matter [1–3] and promise numerous applications in op-
toelectronics and spintronics.[4–6] In an ideal TI, insu-
lating bulk does not contribute to the charge transport,
and conductivity is determined solely by surface carri-
ers. The surface state is topologically protected from
backscattering and exhibits very low transport scatter-
ing rates (the inverse transport lifetime). For example,
measurements of AC conductivity of thin films [7, 8] and
single crystals[9, 10] of exemplary TI material, Bi2Se3,
found surface scattering rates of at most 2 THz which
indicated, at least partially, the effect of the topological
protection of the surface state.
However, the existing generation of TI materials,
specifically Bi2Se3, exhibit significant contributions from
the bulk carriers to the total conductivity. One reason
is the chemical potential shift into the conduction band
due to electron doping, typically by Se vacancies and
anti-site defects.[11] Another effect interfering with ideal
TI response occurs when the bulk bands cross the Fermi
level near the material surface (band bending) and gen-
erate two dimensional electron gas (2DEG). This 2DEG
is confined within ∼20 nm from the surface [12, 13] and
coexists with the topological surface states. Although
such 2DEG has been observed in single crystals,[12, 13]
there is no definite evidence for its existence in thin films
of Bi2Se3. As we will show below, we observed significant
changes in the transport dynamics even as we varied the
film thickness well below the range expected for the ef-
fects of the 2DEG to occur, which suggests that it does
not play a significant role in our measurements.
Optoelectronic functionality of TI relies on the dy-
namic response of non-equilibrium charge carriers in
topologically protected surface states, making it impor-
tant to unambiguously separate surface response from
the interfering bulk. Although electronic measurements
on FET structures have unveiled a plethora of TI trans-
port parameters (scattering rate, plasma frequency, etc.),
they cannot reliably distinguish signatures of the sur-
face carriers from that of the bulk carriers present in
non-ideal TI. Optical pump–optical probe spectroscopy
(OPOP) [14–16] and time-resolved angle resolved pho-
toemission spectroscopy (tr-ARPES)[17–19] were used
to reveal dominant role of electron-phonon scattering
in the carrier relaxation process following photoexcita-
tion of single Bi2Se3 crystals. However, OPOP is most
sensitive to interband processes, and tr-ARPES lacks
high energy resolution near the chemical potential and
is only sensitive to surface carriers. In contrast, time-
averaging terahertz (1 THz∼4 meV) time-domain spec-
troscopy (THz-TDS) and ultrafast optical pump-THz
probe spectroscopy (OPTP) can directly interrogate the
dynamics of the free carriers at the Fermi level that is
relevant to transport properties, and can penetrate deep
into the material, making it sensitive to both bulk and
surface carriers. They are particularly useful for inves-
tigations of Dirac materials, as demonstrated in studies
of the photoinduced carrier dynamics in graphene.[20–
25] Recently, THz-TDS provided evidence of the surface
carrier conductivity at THz frequencies with a relatively
minor contribution from the bulk carriers in thin films
of Bi2Se3.[7, 8] Here, we take advantage of the unique
characteristics of OPTP spectroscopy to unravel the dif-
ferences in the dynamics of hot surface and bulk carriers
following photoexcitation in TI Bi2Se3. This will provide
fundamental insight into the transport properties of pho-
toexcited surface states, while laying the groundwork for
their potential applications.
The thin film growth and characterization has been
described elsewhere.[26] The three films, with thick-
nesses of 10, 16 and 20 QL (1 QL ∼ 0.94 nm),
that we measured here were used before in THz-TDS
experiments.[7, 8] These show an effective sheet carrier
density of nTI ∼1.5×1013 cm−2 and a mobility of µTI ∼
900 cm2/Vs.[7] At THz frequencies the equilibrium re-
sponse of these films is mostly thickness independent,
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FIG. 1. Equilibrium and frequency-integrated transient THz
responses of Bi2Se3 thin films at 10 K: (a) Equilibrium com-
plex THz conductance of a 20 QL film. (b) Transmitted
ET without the optical pump, and the photoinduced changes
∆ET at τpp = 5 ps and a fluence of 50 µJ/cm
2. The former
trace is divided by 4 for ease of comparison. (c) Normalized
∆ET as a function of τpp for 3 different samples (10, 16 and
20 QL) at a fixed pump fluence of 200 µJ/cm2. (d) Same as
(c) for the 20 QL film at fluences between 4 and 200 µJ/cm2.
with a scattering rate ranging between 1 and 1.5 THz
(larger for thinner films).[7] A contribution from bulk
carriers could not be resolved, which meant that the scat-
tering rate (mobility) was much larger (smaller) than in
the surface states. Using the values of the THz plasma
frequency and the linear dispersion of the topological sur-
face states, we can estimate a value of the Fermi energy
as EF ∼ 0.45 eV.[27]
The OPTP experiments were performed using a home-
built system. Pulses from an amplified Ti:sapphire laser
system of 120 fs duration at 800 nm (1.55 eV) with a
repetition rate of 1 kHz were split into 3 paths: 1) the
pump to photoexcite the sample, 2) THz generation via
optical rectification in a ZnTe crystal, and 3) a gate pulse
for electro-optical THz detection in another ZnTe crystal.
The pump beam was chopped at 500 Hz and the output
of the balanced photodiode was fed to a transimpedance
amplifier and then to a lock-in amplifier. The chopper
was placed in either the gating beam path to measure the
frequency-resolved THz spectra or in the pump beam to
measure the frequency-integrated or frequency-resolved
photoinduced signal at different pump-probe time delays
τpp. The pump fluence was varied between 3 and 200
µJ/cm2 using neutral density filters. Both the optical
and THz beams were linearly polarized parallel to each
other.
We have used this setup to measure the equilibrium
complex conductance G = σxxt (where t is the film
thickness) of all three samples. The results (dark line
in Fig. 1b shows transmitted THz electric field ET , and
Fig. 1a shows real and imaginary parts of G) were essen-
tially identical to previous reports [7, 8] even though the
films have been kept under atmospheric conditions for
months (stored inside a dry-box with relative humidity
lower than 20 %). This shows the robustness of the THz
response expected for a topologically protected surface
state. The only significant difference is a larger value of
the scattering rate, which implies larger surface disorder.
When the sample is excited by the pump pulse, there
is a change in the transmitted THz electric field, shown
as ∆ET in Fig. 1b (light line) at a fixed τpp = 5 ps. It
is important to highlight that the peak value of ∆ET is
displaced in time from the peak of the equilibrium ET ,
signifying a change in the phase of the complex transmis-
sion function. This implies that both the real (modifies
the amplitude) and imaginary (modifies the phase) parts
of the G are changing after photoexcitation.
We clarify this behavior by measuring frequency-
integrated ∆ET as a function of τpp by keeping the gate
delay at the peak of equilibrium THz field. For a pump
fluence of 200 µJ/cm2 as shown in Fig. 1c, the thinner
film shows only a positive ∆ET , i.e. the film becomes
more transparent, whereas the thicker films have an ini-
tial rapid drop in transmission and then become more
transparent, with a relaxation time similar to the thin-
ner film. Around τpp ∼25 ps there is an additional peak
present in ∆ET for all films, which comes from a back–
reflection of the pump beam in the substrate. Although
the thinnest film becomes more transparent for all the
pump fluences used here, there is an interesting fluence
dependence of the ∆ET in the thicker films. Figure 1d
shows the full fluence dependence of the 20 QL film (sim-
ilar behavior is observed for the 16 QL film). At low flu-
ences the response is essentially the same as the thinner
film, but as the fluence increases the film becomes more
opaque for a short period of time and then the response
returns to that of the thinner film. Photoexcitation at
high pump fluences thus appears to create carriers of a
fundamentally different nature in thick and thin films,
even at the same fluences. The response of the thicker
films depends on their thickness, which suggests that the
photoexcited carriers originate primarily from the bulk.
To understand this behavior we obtained the
frequency-resolved changes in conductivity ∆σ for sev-
eral τpp, starting with the 10 QL sample shown in Fig.
2a. From the negative values of ∆σreal (left axis) we can
see that the absorption decreases at low frequencies. This
explains the initial increase in transparency revealed in
the frequency-integrated response shown in Fig. 1c. We
note that ∆σimag is also negative (right axis in Fig. 2a)
further confirming that the film becomes more insulat-
ing. Another aspect to note in the spectra is a differential
peak located near the optical phonon resonance slightly
below 2 THz, which implies a slight shift of the resonance
to higher frequencies (Fig. 3d).
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FIG. 2. Photoinduced changes in the complex conductivity of
the (a) 10 QL and (b) 20 QL films at 10 K for several τpp at
a pump fluence of 100 µJ/cm2. Circles and arrows indicate
the appropriate axes to use for real and imaginary parts of
conductance.
The response of 20 QL film at large τpp is qualita-
tively similar to that of the 10 QL film (Fig. 2b), i.e. a
negative change in both real and imaginary parts of the
conductivity. However, at early times (τpp ∼5 ps) there
is a large positive change, i.e. an increase of the ∆σreal.
This causes the fast negative change in the frequency-
integrated ∆ET in Fig. 1c and d. We note that this in-
crease in conductivity has a large frequency extent, going
beyond the experimental high frequency detection limit.
This again indicates that the positive contribution must
have a different origin than the equilibrium response or
the pump-induced change in conductivity of the thinner
film. Finally, we also detect a time-dependent change in
the phonon frequency, very similar to that in the 10 QL
film.
We performed fits of the ∆σ spectra using the same
parametrization of the THz response as was used in pre-
vious studies.[7, 8] In equilibrium, this parametrization
includes: 1) a single Drude free electron response whose
spectral weight is specified by a plasma frequency ωp,
and a scattering rate ΓD (inverse of the transport life-
time); 2) a Drude-Lorentz oscillator that reproduces the
phonon resonance with its own plasma frequency ωpp,
inverse lifetime Γp and center frequency ωo; and 3) an ef-
fective background dielectric constant ε∞ that character-
izes the effect of the high energy optical transitions on the
low frequency electrodynamics and only appears in the
imaginary part of the conductivity as a linear frequency-
dependent component with a negative slope. An attempt
to fit the Drude response with two different sets of car-
∆
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FIG. 3. Dynamics of Drude and phonon fit parameters: (a)
Frequency-integrated ∆ET of the 10 QL film at several pump
fluences. (b) and (c) The time dependence of the ΓD and
ωp, respectively, of the 10 QL film at the same fluences. (d)
ωo of the bulk optical phonon in the 10 QL film. Note the
resemblance of the fluence dependence of the ωo in (d) and
∆ET in (a). ΓD (e) and ωp (f) of the 20 QL film. In all
panels, the error bars signify the parameter interval where
the fit does not change.
riers (bulk and surface) has not resulted in a unique set
of parameters, hence a single Drude term is used in the
presented fit. We start with the data from the 10 QL
film shown in Figs. 3a,b and c. In this case ΓD shows
a similar time dependence as the ∆ET . However, the
ωp does not change significantly even for the largest flu-
ences. Based on the equilibrium carrier density and the
largest change observed in the ωp, we estimate a maxi-
mum photoinduced change in the carrier density of 10%,
assuming that the effective mass of the carriers stays the
same. Despite this increase in carrier density, the 10 QL
film becomes more transparent, indicating reduced con-
ductivity. This clearly demonstrates that an increase in
ΓD dominates the photoinduced conductivity changes, as
previously reported in graphene.[24, 25]
We now turn to the signature of the bulk phonon in
the 10 QL film in Fig. 3d, where the phonon frequency
ωo versus τpp at all measured fluences is shown. We can
see that ωo increases after photoexcitation, resulting in
the differential line shape shown in Fig. 2a. This increase
in ωo resembles the one observed in the temperature de-
pendence of the equilibrium THz spectra,[7–9] which sug-
gests that the lattice temperature rises and causes the
increase in ΓD, as was reported in the supplement to ref.
4Wu et al. [8]. For the 20 QL film, the Drude parameters
are shown in Fig. 3e and f. The ΓD has a time depen-
dence similar to the thinner film. The most significant
difference is in the behavior of ωp, which shows a very
large enhancement that only survives for a few picosec-
onds, effectively duplicating the time dependence of the
negative contribution to the ∆ET in Fig. 1c. The largest
photoexcited carrier density of 5×1018/cm3 (or a change
of ∼ 70%) is obtained at a fluence of 100 µJ/cm2. The
20 QL film thus becomes more opaque because of the ex-
tra photoexcited carriers that absorb and screen the THz
probe pulse. We note here that the value of ΓD of the
photoexcited carriers in the 20 QL film is similar (>2.5
THz at high fluences) to that obtained after the tran-
sition to a trivial (non-TI) state in similar films.[8] This
indicates the different nature of the photoexcited carriers
from the equilibrium surface state.
The observed thickness dependence of the transient
THz response has to be reconciled with the thickness in-
dependence of the equilibrium THz conductivity. Thus,
we consider the following scenario. At 800 nm the opti-
cal penetration depth is approximately 50 nm,[17] which
implies that the pump fluence varies only slowly over
the thickness of our films, and therefore can be consid-
ered effectively uniform. In the low fluence regime, the
photoinduced dynamics are thickness independent (see
Figs 1d and 3a) as all films become more transparent
due to increased ΓD. This behavior is similar to the
relaxation of the electronic temperature of the surface
states found in tr-ARPES experiments (compare Fig. 3a
here with Fig. 4a in Wang et al. [18]). This implies that
the photoexcited electrons thermalize to a high temper-
ature distribution at timescales shorter than the OPTP
experimental resolution (∼1 ps), and the excess thermal
energy is subsequently relaxed, judging by the timescales
of the decay, via the scattering between electrons and
acoustic phonons at the sample surface.[18] At higher
fluences in the thinner film, thermal diffusion starts to
dominate, as the thermal energy can only be carried away
at the diffusion rate D (D ∼ 1.2 cm2/s [15]), which for a
pump photon energy of 1.55 eV implies a timescale of∼21
ps.[17] This explains the large residual values of the ΓD
and phonon frequency changes at longer delays. In the
thicker films, thermal diffusion seems to also dominate at
longer delays, but at shorter times there is a large con-
tribution characterized by an increased plasma frequency
that rises and decays at much shorter timescales than ΓD.
This is consistent with the bulk relaxation times (∼2 ps)
obtained in previous experiments.[14, 16–19] Thus, the
simplest way to interpret the observed behavior is that
photoinduced change ∆σ of 10 QL film is produced by
hot surface carriers, while in thicker films the majority
of photoexcited carriers live in the bulk of the material,
and survive for only a few picoseconds after which surface
carrier start to dominate the THz transport.
In conclusion, we have shown that there are two types
of photoexcited carriers contributing to conductivity of
Bi2Se3 films. At low temperatures and low pump flu-
ences for all film thicknesses, we only observed a short-
living (∼10 ps) increase in the transport scattering rate
without a significant change in the carrier concentration.
This continues to be true as the fluence is increased in
the thinnest (10 QL) film hinting at the surface nature
of the involved carriers. However, in thicker films there
is an additional contribution with a faster rise and de-
cay times (∼5 ps). This contribution increases both with
fluence and thickness and therefore must be associated
with photoexcited bulk carriers. In addition, the pho-
toinduced scattering rate is much higher at high fluences
than at low fluences or that of equilibrium carriers, con-
sistent with the shorter relaxation time of bulk carriers.
These results agree well with recent observations by Sim
et al. that bulk and surface hot carriers co-exist for a long
time following photoexcitation at low temperatures un-
like in high temperature regime where bulk carriers scat-
ter to surface states within 4 ps.[28] However, our work
go beyond their conclusions and show that it is possible
to distinguish surface and bulk photoelectron dynamics
using optical pump–THz probe spectroscopy with vary-
ing pump fluence even when bulk carriers are present in
equilibrium, thus presenting intriguing possibilities for
potential optoelectronic applications.[29]
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